Animals from flies to humans are able to distinguish subtle gradations in temperature and show strong temperature preferences [1] [2] [3] [4] . Animals move to environments of optimal temperature and some manipulate the temperature of their surroundings, as humans do using clothing and shelter. Despite the ubiquitous influence of environmental temperature on animal behaviour, the neural circuits and strategies through which animals select a preferred temperature remain largely unknown. Here we identify a small set of warmth-activated anterior cell (AC) neurons located in the Drosophila brain, the function of which is critical for preferred temperature selection. AC neuron activation occurs just above the fly's preferred temperature and depends on dTrpA1, an ion channel that functions as a molecular sensor of warmth. Flies that selectively express dTrpA1 in the AC neurons select normal temperatures, whereas flies in which dTrpA1 function is reduced or eliminated choose warmer temperatures. This internal warmth-sensing pathway promotes avoidance of slightly elevated temperatures and acts together with a distinct pathway for cold avoidance to set the fly's preferred temperature. Thus, flies select a preferred temperature by using a thermal sensing pathway tuned to trigger avoidance of temperatures that deviate even slightly from the preferred temperature. This provides a potentially general strategy for robustly selecting a narrow temperature range optimal for survival.
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Although the physiology of all cells is affected by temperature, the expression of temperature-activated members of the transient receptor potential (TRP) family (thermoTRPs) can make cell excitability highly temperature-responsive 5 . ThermoTRPs are cation channels with highly temperature-dependent conductances that participate in thermosensation from insects to humans 5 . The Drosophila melanogaster TRP channel dTrpA1 promotes larval heat avoidance 6 and can be activated by warming in ooctyes 7 . We addressed whether dTrpA1 contributes to the selection of a preferred temperature in the adult fly. When allowed to distribute along a thermal gradient for 30 min, wildtype D. melanogaster adults prefer ,25 uC (ref. 3) , their optimal growth temperature 8 . Compared to wild-type controls, dTrpA1 loss-of-function mutant animals showed increased accumulation in the warmest (28-32 uC) regions of the gradient (P , 0.0001), but not in the coolest (18-22 uC) regions (P 5 0.5) (Fig. 1a, b , and Supplementary Fig. 1 ). A dTrpA1 genomic minigene rescued the phenotype (Fig. 1a, b) . Animals heterozygous for dTrpA1 loss-of-function mutations also preferred slightly elevated temperatures ( Supplementary Fig. 2a) . Thus, dTrpA1 function is important for determining thermal preference and specifically contributes to avoidance of warm regions.
If dTrpA1 was involved in thermotransduction, it should regulate the warmth responsiveness of thermosensors. As the identity of the adult Drosophila thermosensors was unknown, we examined dTrpA1 protein expression (using anti-dTrpA1 antisera 6 ). dTrpA1 expression was detected in three sets of previously uncharacterized cells in the brain: lateral cell (LC), ventral cell (VC) and AC neurons (Fig. 2a) . dTrpA1 was also detected in the proboscis, but ablation studies detected no contribution of the proboscis to warmth avoidance ( Supplementary Fig. 3 ). To focus on the neurons that contribute to thermal preference we examined where the rescuing dTrpA1 minigene restored dTrpA1 expression, and found that dTrpA1 expression was restored specifically within AC neurons, but not LC or VC neurons (Fig. 2b) . This suggested that dTrpA1 expression in AC neurons-two pairs of neurons at the brain's anterior (Fig. 2c, d )-sufficed to restore thermal preference and that AC neurons might act as thermosensors.
Temperature responsiveness of AC neurons was examined using the fluorescent calcium indicator G-CaMP 9 . When exposed to increasing temperature, AC neurons showed robust increases in G-CaMP fluorescence, reflecting warmth-responsive increases in intracellular calcium (Fig. 2h, i imaged had fluorescence increases between 4% and 39%, with a mean increase over baseline (DF/F) among these cells of 15% (64% s.e.m., n 5 10; Fig. 2m ). The average temperature at which fluorescence increases were initially observed was 24.9 uC (60.6, n 5 10), compatible with AC activation as temperatures rise above preferred. In contrast, none of the 21 dTrpA1 mutant AC neurons imaged had fluorescence increases (Fig. 2j , l and m; P , 0.003 compared to wild type, Fisher's exact test). As a control that mutant AC neurons remained physiologically active, we confirmed that they showed robust DF/F responses on potassium chloride addition ( Supplementary Fig. 4) . Notably, AC responses did not depend on an intact periphery, as all G-CaMP studies were performed using isolated brains from which peripheral tissues had been removed. These observations identify AC neurons as warmth-activated, dTrpA1-dependent thermosensors.
AC neurons project towards several brain regions, including the antennal lobe (Fig. 2d-g ). The antennal lobe is implicated in cockroach thermosensation 10 , but has been studied exclusively for olfaction in Drosophila. So far, 11 of the ,50 antennal lobe glomeruli remain unassociated with identified olfactory receptors 11 . AC neurites elaborated within two such unassociated glomeruli, VL2a and VL2p (Fig. 2f) . Thus the Drosophila antennal lobe contains both thermosensory and olfactory neuron processes. VL2a is also innervated by Fruitless-expressing neurons implicated in pheromone transduction 11 , suggesting that even individual glomeruli receive multi-modal sensory information. AC processes also branched within the suboesophageal ganglion and superior lateral protocerebrum, although these target regions are less defined than in the antennal lobe. These regions have been previously implicated in processing other types of sensory input 12 .
As dTrpA1 expression in AC neurons seemed sufficient to restore normal thermal preference, we examined whether such expression was also necessary. dTrpA1 was knocked down selectively in AC neurons using tissue-specific RNA interference targeting dTrpA1 controlled by dTrpA1 SH -GAL4 (Fig. 3a) , a promoter expressed in AC but not LC or VC neurons. Consistent with the importance of dTrpA1 expression in AC neurons in thermal preference, AC knockdown increased the fraction of animals present in the 28-32 uC region compared to controls (P # 0.0001) (Fig. 3b, c) . Similar results were obtained when dTrpA1 expression was knocked down using a broad neuronal promoter (Appl-GAL4) ( Fig. 3c and Supplementary  Fig.2b ). All knockdowns were assessed by dTrpA1 immunohistochemistry. dTrpA1 knockdown with the general cholinergic neuron promoter Cha(7.4)-GAL4 eliminated detectable dTrpA1 expression in AC (and LC and VC ) neurons, decreasing warmth avoidance ( Fig. 3c and Supplementary Fig. 2c ). In contrast, dTrpA1 RNAi expressed using Cha(1.2)-GAL4-which is expressed in many brain cholinergic neurons 13 but not AC neurons-did not disrupt warmth avoidance ( Fig. 3c and Supplementary Fig. 2d ). Taken together, our data suggest that dTrpA1 expression in AC (but not LC or VC) neurons is both necessary and sufficient for normal thermal preference behaviour. Whether LC and VC neurons participate in other warmth-activated responses is unknown.
The identification of an internal sensor controlling temperature preference conflicts with the established view that Drosophila sense moderate warming using thermosensors in the third antennal segment 3 . We re-examined the effects of surgically removing either one third antennal segment and arista (unilateral ablation) or both (bilateral ablation). Both unilateral and bilateral ablation (see Methods) increased the fraction of animals in cool (18-22 uC), but not warm (28-32 uC), regions (Fig. 3d, f ). Thus these tissues were dispensable for warmth avoidance, but essential for cool avoidance. When dTrpA1 mutants were subjected to bilateral ablation, they accumulated in both cool and warm regions ( Fig. 3e) : the fraction between 18-22 uC did not differ from wild-type ablation animals (P 5 1.0); the fraction between 28-32 uC did not differ from non-ablated dTrpA1 mutants (P 5 0.9) (Fig. 3f) . Thus dTrpA1-expressing cells and antennal cells function additively to set preferred temperature, promoting avoidance of elevated and reduced temperatures, respectively.
These data are consistent with warmth activation of dTrpA1 serving as the molecular basis of warmth sensing by AC neurons. As thermal activation of mammalian TRPA1 proteins is controversial, we tested whether dTrpA1 could act as a molecular sensor of warming in the fly. Indeed, misexpression of dTrpA1 throughout the fly nervous system (using C155-GAL4) caused a dramatic phenotype not observed in controls: heating these flies to 35 uC for 60 s caused incapacitation, an effect reversed on return to 23 uC (Fig. 4a and Supplementary Movie 1). Similar effects were observed using electrophysiology, with moderate warming (above ,25 uC) triggering a barrage of excitatory junction potentials at the neuromuscular junction (Fig. 4b, c and Supplementary Fig. 5 ). These data strongly support dTrpA1 acting as a molecular sensor of warming. The ability of dTrpA1 mis-expression to confer warmth activation also suggests that dTrpA1 can be used as a genetically encoded tool for cell-specific, inducible neuronal activation. dTrpA1 might be particularly useful in tissues such as the fly brain where thermal stimulation is easier to deliver than the chemical or optical stimulation that controls other tools for modulating neuronal activity.
To test whether warmth activation is a property of other insect TrpA1s, we examined the malaria mosquito Anopheles gambiae TrpA1 (agTrpA1). As previously reported, dTrpA1 is warmth-activated when expressed in Xenopus laevis oocytes (Fig. 4d, f) . We found that agTrpA1 also showed robust warmth activation (Fig. 4e, g ). These currents were specific, they were not observed in uninjected oocytes ( Supplementary Fig. 6 ) and were inhibited by ruthenium red (which antagonizes other TRPs). Similar to mammalian thermoTRPs, both dTrpA1 and agTrpA1 showed outward rectification (Fig. 4f, g ). (body lice), Culex pipiens (common house mosquito) and Aedes aegypti (yellow and dengue fever mosquito) which use warmth-sensing for host location and habitat selection 14, 15 ( Supplementary Fig. 7 ). Such insect TrpA1s constitute potential targets for disrupting thermal preference and other thermosensory behaviours in agricultural pests and disease vectors.
Environmental temperature affects the physiology of all animals. Increasing temperatures associated with climate change are linked to poleward redistributions of hundreds of species including insects, fish, birds and mammals 16 . Although previously identified ambient thermoreceptors are peripheral 4, [17] [18] [19] [20] , AC neurons are internal. As a ,1 mg fly is readily penetrated by ambient temperature variations 21, 22 , such an internal sensor should monitor environmental temperature effectively. dTrpA1 activation seems to be critical for AC neuron activation, suggesting that dTrpA1 threshold and expression changes could modulate thermal preferences. More speculatively, changes in insect TrpA1 function and expression could facilitate movements into novel environments or development of novel behaviours such as host seeking.
Although effects of environmental temperature on behaviour are ubiquitous, the mechanisms animals use to seek out optimal temperatures are largely unknown. AC neurons become active as temperatures rise above the preferred temperature, suggesting that they may function as 'discomfort' receptors that, together with putative antennal cool receptors (similar to those described in other insect antennae 19 ), repel the fly from all but the most optimal temperatures. Notably, mice lacking the cool-activated channel TRPM8 prefer abnormally cool temperatures, whereas mice lacking heat-activated TRPV4 prefer warmer temperatures 23 , indicating that similar strategies may be used in mammals.
METHODS SUMMARY
Fly strains and immunohistochemistry. The dTrpA1 rescue transgene contains an NheI-XhoI genomic fragment (from 2.5 kb upstream to 1.2 kb downstream of the dTrpA1 open reading frame) in pPelican containing Su(Hw) insulators 24 . dTrpA1 SH -GAL4 contains a GAL4 coding region flanked 59 by 2.5 kb upstream of the dTrpA1 start codon and 39 by 1.7 kb of dTrpA1 sequences from exon 1 to the fourth intron and inserted into pPelican. dTrpA1 SH -GAL4 differs from the previously described dTrpA1-GAL4 (ref. 6) , and the two drivers overlap distinct subsets of dTrpA1-expressing cells. dTrpA1
ins was generated by ends-in gene targeting 25 and contains a tandem array of two mutated copies of dTrpA1 as shown in Supplementary Fig. 1 . One copy is deleted for the sixth transmembrane domain and carboxy terminus, whereas the other copy is deleted for the promoter region and start codon and contains a translational stop before the transmembrane domains. Df(3L)ED4415 is a chromosomal deficiency that completely removes the dTrpA1 locus. dTrpA1 RNAi constructs were designed using the strategy of Kalidas and Smith 26 and generated as described 27 . Further details are provided in Methods. Temperature preference behaviour. The temperature preference behaviour assay was modified from that previously described 3 as detailed in Methods. Physiology. For G-CaMP imaging, brains from live dTrpA1 SH -GAL4;UAS-GCaMP (wild type) or dTrpA1 SH -GAL4;UAS-G-CaMP;dTrpA1 ins flies were dissected in modified standard solution F (5 mM Na-HEPES, 115 mM NaCl, 5 mM KCl, 6 mM CaCl 2 , 1 mM MgCl 2 , 4 mM NaHCO 3 , 5 mM trehalose, 10 mM glucose, 65 mM sucrose, pH 7.5) 28 by removing the cuticule from the head and trachea using fine forceps. The brain was severed from the body and placed onto sylgard-coated coverslips, anterior side facing up. Brains were imaged and oocyte physiology and larval recordings were performed as described in Methods.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
METHODS
Fly strains. The dTrpA1 rescue transgene contained an NheI-XhoI genomic sequence fragment (extending from 2.5 kb upstream of the dTrpA1 start codon to 1.2 kb downstream of the stop codon) and was inserted into a pPelican vector containing Su(Hw) insulator sequences 24 . dTrpA1 SH -GAL4 contains a Gal4 coding region flanked 59 by 2.5 kb upstream of the dTrpA1 start codon and 39 by 1.7 kb of dTrpA1 sequences from exon 1 to the fourth intron and inserted into pPelican. dTrpA1 SH -GAL4 differs from the previously described dTrpA1-GAL4 (ref. 6) as it contains more dTrpA1 sequences as well as flanking Su(Hw) insulator sequences, and the two drivers overlap distinct subsets of dTrpA1-expressing cells. The dTrpA1 ins mutant was generated by ends-in homologous recombination-mediated gene targeting 25 and contains a tandem array of two mutated copies of dTrpA1: one copy lacks DNA encoding the predicted sixth transmembrane domain and the C terminus, whereas the other lacks DNA sequences containing the putative promoter region and predicted start codon and carries an insertion creating a translational stop before the transmembrane domains. The targeting construct was generated by cloning a BglI-KpnI dTrpA1 genomic DNA fragment from BAC RP98-10P9 (Open Biosystems) into pBluescriptII. An I-SceI site was inserted into the BamHI site in exon 8 of dTrpA1, a ClaI site in exon 4 was filled in to generate the engineered frameshift mutation, and the construct was cloned into NotI/KpnI digested pTV2 for targeting as described 25 . The organization of the dTrpA1 ins mutant locus is described in Supplementary Fig. 1 . Df(3L)4415 is a chromosomal deficiency that completely removes the dTrpA1 locus. dTrpA1 RNAi constructs were designed using the strategy of Kalidas and Smith 26 and generated as described 27 . UASdTrpA1
RNAi flies contain two copies each of UAS-dTrpA1 RNAi -A and UASdTrpA1
RNAi -B. The PCR primers used to create UAS-dTrpA1 RNAi -A were genomic fragment 59-ATAACTGAGTTCGATGCATGCCCACG-39 and 59-GCCTCGAGACTAGTCTGGAAAAATGGAAAGCCAAGT-39; cDNA fragment 59-GCTCTAGAATAACTGAGTTCGATGCATGCCCACG-39 and 59-CACTC GAGACTAGTCTGTTTTCCAACCGCTACGAG-39. The PCR primers used to create UAS-dTrpA1 RNAi -B were genomic fragment 59-AGGAGCGGGC CAACGAGGTGATG-39 and 59-GCCTCGAGACTAGTCTGAAAAATGGAGG TGTTGCTATATG-39; cDNA fragment 59-ATTCTAGAAGGAGCGGGCCAA CGAGGTGATG-39 and 59-GCCTCGAGACTAGTCCCATATTGCAGTATTGA CTCATC-39.
Further fly strains were obtained from Bloomington, except for Cha(7.4)-GAL4 and Cha(1.2)-GAL4 which were from P. Salvaterra, Appl-GAL4 was from T. Tayler, Dll-GAL4 was from G. Boekh and UAS-G-CaMP was from R. Axel. Temperature preference behaviour. A temperature preference behaviour assay was designed as previously described 3 but with a larger temperature range. Air temperatures inside the apparatus were determined using a Fluke 52II thermometer with multiple temperature probes. The apparatus was coated with Rain-X to prevent flies from escaping the temperature gradient; this does not disturb the normal temperature preference (data not shown). For each assay, ,20-30 adult flies (0-3 days old) were blown into the apparatus through a hole at the midpoint of the gradient and exposed to the gradient for 30 min in darkness before data collection. All experiments were performed in an environmental room maintained at 25 uC, 70% relative humidity.
We plotted performance as a function of the air temperature within the behavioural chamber. We monitored both air and apparatus surface temperatures but found that relying on air temperature significantly decreased variation in behaviour between experiments, suggesting that this parameter was more relevant to the fly (F.N.H. and P.A.G., unpublished observations). As the surface temperature gradient is steeper than the air temperature gradient (F.N.H. and P.A.G., unpublished observations), our thermal gradients extended to both warmer and cooler temperatures than the gradients previously described 3 (,31.5 uC in surface temperature is ,29 uC in air temperature). Our finding that adults lacking third antennal segments avoid warm regions of the thermal gradient was initially unexpected, as removal of the third antennal segment was previously reported to eliminate temperature preference 3 . However, these authors did note that the distribution of ablated flies fell off significantly at higher temperatures, approaching zero near 31.5 uC surface temperature. The apparent differences in our results may reflect, in part, subtle differences in assay environment including the monitoring of only surface temperature in the previous study 3 . Irrespective of subtle differences in our data sets, our ablation data together with our dTrpA1 mutant analysis clearly demonstrate that avoidance of warm temperatures persists in the absence of the third antennal segment. Our conclusion that unilateral ablation causes a partial decrease in cold avoidance also differs from the conclusion of the previous report that unilateral ablation has no effect 3 ; however, examination of the data in the earlier study 3 also indicates that a significant (.3-fold) increase in the fraction of flies in the 18-22.5 uC region (from ,15% to ,50%) occurred following unilateral ablation.
Immunostaining. Immunostaining was performed as described 6 except 5% normal goat serum and 1% bovine serum albumin in PBST (PBS plus 1% Triton X-100) were used for blocking and antibody incubations, and PBST was used for washing. The antibodies used were: rat anti-dTrpA1 (ref. ins flies were dissected in modified standard solution F (5 mM Na-HEPES, 115 mM NaCl, 5 mM KCl, 6 mM CaCl 2 , 1 mM MgCl 2 , 4 mM NaHCO 3 , 5 mM trehalose, 10 mM glucose, 65 mM sucrose, pH 7.5) 28 by removing the cuticle from the head and trachea using fine forceps. The brain was severed from the body and placed onto Sylgard-coated coverslips, anterior side facing up. The brain was then glued to the slide by applying small amounts (3 M) of Vetbond between the external edge of the optic lobes and the slide using a pulled glass capillary. The slide was mounted on a laminar flow perfusion chamber (,500 ml volume) beneath a 340 or 360 water immersion objective of a fixed-stage upright microscope (Olympus BX51W1), illuminated using a 75 W xenon Apo lamp with a 490 nm excitation filter and visualized through a 528 nm emission filter (Olympus). During experiments, the preparation was constantly perfused with modified standard solution F via gravity flow at a rate of ,3 ml min
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. The solution temperature was gradually increased from room temperature (,22 uC) to 33 uC using a CL-100 bipolar temperature controller equipped with an SC-20 dual in-line solution heater/cooler (Warner Instruments). Optical images of the preparation were acquired during the temperature shift using a digital CCD camera (C4742-80-12AG; Hamamatsu) at 4 frames per second with 512 3 512 pixel resolution. The image data was digitized and analysed using Volocity software (Improvision). For analysis, areas representing G-CaMPexpressing cell bodies were circumscribed and the mean fluorescent intensity was calculated for each region of interest at every frame. Background fluorescence (calculated from the average fluorescence of two randomly chosen non-G-CaMP expressing areas) was subtracted from the mean fluorescent intensity of the regions of interest. Background-subtracted values were then expressed as percentage DF/F, where F is the mean fluorescence intensity in the 10 s before stimulation. The solution temperature was simultaneously recorded and digitized using PowerLab 4/30 and Chart software (AD Instruments) and synchronized with the image acquisition through an orbit II controller (Improvision). Bleaching corrections were done by plotting a leastsquares fit line in Excel using the first 10 s of imaging and extrapolating this bleaching rate for the duration of the experiment. Pseudo-colour images were generated in Adobe Photoshop from pixel greyscale values by setting black level values to 40 and converting to pseudo-colour using the Spectrum tool. Oocyte electrophysiology. Oocyte-positive Xenopus laevis females were obtained from Nasco, and maintained at ,19 uC with 12 h/12 h dark/light cycles. Ovaries were surgically isolated, and treated with 1.5 mg ml 21 of collagenase type II (Worthington) for 90 min, and individual oocytes were defolliculated using forceps. Capped mRNA was produced using mMessage mMachine T3 kit (Ambion) from each complementary DNA construct, and a 50-nl aliquot per oocyte was injected using an automatic Drummond microinjector. Membrane potential was maintained at 260 mV by two electrode voltage clamping during warm-activated current recording. Resistance of pulled glass capillary electrodes filled with 3 M KCl was between 0.5 and 1.5 MV. The typical resting membrane potentials of oocytes used for current recording were between 225 and 260 mV. Current was recorded at 2 kHz and filtered to 1 kHz with the output filter of the amplifier (OC-725B, Warner instruments). The temperature of the oocyte perfusion buffer (96 mM NaCl, 1 mM MgCl 2 , 4 mM KCl, 5 mM HEPES, pH 7.6) was changed by SC-20 in-line heater/cooler (Warner Instruments) under the control of CL-100 bipolar temperature controller (Warner Instruments). Where indicated, 50 nl of 20 mM BAPTA was injected into oocytes 30 min before recording to minimize elevations in cytosolic calcium concentration. pClamp 8.0 and Sigmaplot 8.0 were used to acquire and analyse the data. Voltage steps (2140 mV to 100 mV) were applied to assess current-voltage relationship of dTrpA1-or AgTrpA1-expressing oocytes. Each voltage step lasted 100 ms after 10 ms holding at 260 mV, and the recorded current in the last 40 ms was averaged to determine the current amplitude at a given voltage. Larval electrophysiology. All larval dissections and physiological recordings were performed in HL3.1 physiological saline containing (in mM) 70 NaCl, 5 KCl, 0.8 CaCl 2 , 4 MgCl 2 , 10 NaHCO 3 , 5 trehalose, 115 sucrose, 5 HEPES, pH 7.1-7.2; the osmolarity was ,309 mmol kg 21 . Female third instar larvae were dissected and pinned dorsal side up in a Sylgard-lined Petri dish (Dow Corning). The gut and trachea were removed with fine forceps, exposing the larval body wall muscles. The anterior lobes of the larval brain were removed, but the rest of the ventral ganglion was left undisturbed, preserving the cell bodies of motor neurons innervating body wall muscles.
Larval preparations were mounted on the stage of a BX50WI compound microscope (Olympus) and continuously superfused with HL3.1 using a custom built gravity-fed perfusion system. Temperature ramps were performed by circulating hot and then cold water past coils of perfusion tubing sealed in a PVC pipe on the way to the preparation. Bath temperature was ramped from 23 uC to 29 uC then back to 23 uC in every experiment; ramp time was typically 3-5 min each way. Bath temperatures were monitored with a Physitemp model BAT-12 thermometer with thermocouple probe or alternatively using an SC-20 in-line heater/cooler (Warner Instruments) under the control of CL-100 bipolar temperature controller (Warner Instruments).
Larval muscle 6 was targeted for intracellular work. Excitatory junction potential frequency in muscle 6 was monitored in control and experimental animals as bath temperatures rose and fell. Recordings from muscle 6 were performed with sharp glass electrodes (12-18 MV) filled with 3 M KCl. Voltage signals were amplified with either an Axoclamp 2A or Axopatch 200B (Axon Instruments) and digitized with a Powerlab 4/30 data acquisition system (ADinstruments). Voltage traces were recorded in Chart 5.1 (ADinstruments). The data were analysed using scripts in Spike 2 (version 5, CED) and standard features in Microsoft Excel.
